Chemical modification of temoporfin -a second generation photosensitizer activated using upconverting nanoparticles for singlet oxygen generation † Q. Yu, a E. M. Rodriguez, a R. Naccache, a P. Forgione, a G. Lamoureux, In photodynamic therapy (PDT), the destruction of a target tissue (localized tumor) involves the combination of light of a specific wavelength, oxygen and a photosensitizer (PS). [1] [2] [3] Individually, these components are harmless; however, when combined, a putative cytotoxic agent, singlet oxygen ( 1 O 2 ), is generated. It is the 1 D g form of singlet oxygen that induces oxidation damages on cell components, resulting in cytotoxic reactions in the cells via necrosis or apoptosis, the self-destruction mechanisms of cells.
The second generation PS, 5,10,15,20-tetra(m-hydroxyphenyl)-chlorin [4] [5] [6] (m-THPC, Foscan s , Temoporfin), with enhanced absorption of light in the red region (l max = 652 nm) has been found to be more specific than conventional porphyrins where skin photosensitization, usually a side effect of PDT, has been reported to be shorter. However, m-THPC does not make use of the optimal spectral biological window for tissue penetration in the 700-1000 nm range. Unfortunately, photons in this region are energetically too low for 1 O 2 generation. In addition to the band at 652 nm, which has a high molar extinction coefficient (e = 2.9 Â 10 4 cm À1 M
À1
), m-THPC has another absorption band in the blue region centered at 417 nm with a much higher molar absorption coefficient (e = 2.3 Â 10 5 cm À1 M À1 ). Excitation of m-THPC at 417 nm would eliminate the problem of low photon energy; however, direct excitation with high-energy blue light limits the use in biological applications due to its low tissue penetration depth. Lanthanide-doped upconverting nanoparticles (Ln 3+ -UCNPs) have been intensively studied in recent years. These nanoparticles can emit UV, visible and/or near-infrared (NIR) light upon NIR excitation (typically 980 nm) via a multiphoton process known as upconversion. The application of Ln 3+ -UCNPs as an energy source for exciting photosensitizers has been proposed. [8] [9] [10] [11] [12] [13] The nanoconstructs, which were prepared using upconverting nanoparticles for the excitation of different photosensitizers, made use of the Er 3+ transitions, -UCNPs showed a diamond-like morphology as evidenced by TEM (Fig. S1 , ESI †), and an average size of circa 86 nm along the long axis with an aspect ratio of 1.7. The upconversion luminescence spectrum of the oleate capped nanoparticles, upon irradiation with 980 nm light is shown in Fig. S2 (ESI †).
We employed an acid treatment developed in our laboratory to remove the oleate ligand from their surface, 17 -UCNPs. In order to modify m-THPC, 4-(bromomethyl)benzoic acid (BMBA) was used as it is a commonly used ''linker'' in biological applications that is generally recognized as non-harmful to tissues and organs and provides the required carboxylate functionality to bind to the surface of the nanoparticles (Scheme S1, ESI †). The coupling reaction of m-THPC and 4-(bromomethyl)benzoic acid produced a green colored product (m-THPC-MBA) and UV/Vis analysis was carried out, and results were compared with those obtained using the unsubstituted parent (Fig. 1A ). This showed four distinct differences, namely a red shift of the Soret band from 417 nm to 438 nm, a lower molar absorption coefficient (e = 1.05
), peak broadening, and the disappearance of two of the Q-bands in the 500 nm region and the peak at 650 nm.
Importantly, the number of linkers binding to the m-THPC and their position(s) may shed light on the possible reason(s) for the observed spectral differences. The LC-MS results (Fig. S3A , ESI †) showed that the product is a mixture consisting of three different compounds with 1 to 3 methyl benzoic acids bound to m-THPC and it was determined by chromatography that the major product has one linker bound to the m-THPC and the two minor products have two and three ''linkers'', respectively bound to m-THPC. The major product was isolated and characterized by LC-MS and demonstrated two main peaks, each showing a molecular ion peak at 815 (Fig. S3B, ESI †) .
UV/Vis absorption spectra (Fig. 1B) of the two eluted fractions were obtained and the fraction that has an elution time of 10.1 min demonstrated excellent correspondence with the absorption spectrum of m-THPC, whereas the fraction with an elution time of 7.5 min showed a red shift in comparison to m-THPC.
Although aggregation of m-THPC has been proposed to occur in polar and/or aqueous solvents, [18] [19] [20] this typically occurs when [m-THPC] is greater than 10 À4 M. As our studies were conducted at 10 À5 M this excludes the possibility that the red shift may be due to aggregation. Alternatively, the red shift could be caused by the addition of methyl benzoic acid to the m-THPC that serves as an electron-donating group, increasing the electron density and lowering the energy gap between the ground and excited state resulting in absorption at a longer wavelength. It has been well documented that changes in the conjugation pathway and symmetry of porphyrin can affect its UV/Vis absorption spectrum. The absorption spectrum of porphyrin has long been understood by the four orbital model first applied by Gouterman.
21,22
The method demonstrated the importance of charge localization on electronic spectroscopic properties. Density functional theory and time-dependent methods have been employed successfully to explore the electronic structure and spectral properties of porphyrin and related compounds. 23, 24 Thus, to understand the observed spectral changes (effects of the substituent and its position) we undertook a computational study using the Gaussian 09 program. 25 The calculations (m-THPC) show that the chlorin macrocycle is planar and the four phenyl groups at positions 5, 10, 15, 20 do not lie planar to the chlorin macrocycle, but are positioned at an angle of 601 (Fig. S4A , ESI †). It has been previously shown that this geometrical arrangement of the phenyl groups is responsible for only a minor shift of the absorption bands compared to chlorin itself. 26 For the modified m-THPC-MBA(I) and m-THPC-MBA(II) where the methyl benzoic acid linker is added to the phenyl groups at positions 5 and 20, the linker is at an angle of 271 from the xy plane and parallel to the chlorin macrocycle, respectively (Fig. S4B, 
ESI †). For m-THPC-MBA(III)
where the linker is added to the nitrogen in the chlorin ring, it was found to be at an angle of 671 to the chlorin macrocycle. More importantly, the two nitrogens of the pyrrole move upwards from the xy plane and as a consequence the chlorin ring is distorted, and thus the symmetry of the macrocycle is broken. The chlorin macrocycle is the reduced form of porphyrin, thus Gouterman's four-orbital model was applied to calculate the absorption spectra of m-THPC and of the three isomers of m-THPC-MBA. The absorption bands in chlorin arise from transitions between two HOMOs and two LUMOs. Fig. S5 (ESI †) shows the calculated molecular orbitals from HOMO À 1 to LUMO + 1 for m-THPC and the three isomers. In Table S1 (ESI †), the calculated excitation energies and the oscillator strengths in ethanol are shown. The results reveal a bathochromic shift in the Soret band of m-THPC-MBA(III) compared with the excitation energies calculated for m-THPC and m-THPC-MBA(I, II). The calculated electronic absorption spectra (in ethanol) of the three isomers and m-THPC are shown in Fig. 2A .
The linker MBA is an electron donor, thus we would expect a change in electron density in the temoporfin molecule, which may affect the absorption spectrum. However, the simulation results for the two isomers m-THPC-MBA(I, II) clearly show that the addition of MBA has no effect on the absorption properties. The linker is 6.16 Å from the chlorin ring, in addition there is an isolating group, -CH 2 -, between the carboxyphenyl and the phenyl ring, therefore the linker is not conjugated to the chlorin ring and has no influence on the absorption properties. In contrast, the addition of the linker on the nitrogen in the chlorin ring results in a bathochromic shift of the Soret band. In this case, the proximity of methyl benzoic acid to the conjugated system increases the electron density, resulting in a decrease of the energy gaps between the HOMO and the LUMO, which manifests itself as a red shift of the Soret band. The distortion of the chlorin ring caused by the addition of the MBA may also contribute to the bathochromic shift. The computational results have allowed us to determine m-THPC-MBA(III) to be the isolated product, which is responsible for the red shift of the Soret band from 417 nm to 438 nm.
The upconversion emission spectra of a dispersion of oleatefree LiYF 4 The energy transfer efficiency was calculated to be B33%. These results also confirm that the spatial separation, which was calculated to be 7 Å between the donor and the acceptor molecule, is small enough to favor non-radiative energy transfer from the nanoparticle to the photosensitizer. The number of m-THPC-MBA molecules bound to each UCNP was found to be 7.6 Â 10 -UCNPs in an ethanolpropylene glycol mixture to an irradiation source of 980 nm over a period of 120 min at 10 minute intervals. Fig. S6 (ESI †) shows that the absorbance at 415 nm of DPBF decreases as the irradiation time increases, which indicates that the amount of singlet oxygen production increases. The concentration of singlet oxygen generated was calculated from the consumption of DPBF and it was found to be 2.11 Â 10 À5 M.
In vitro cell viability tests were performed to confirm the effect of the nanoconstruct on the cells in the absence and presence of irradiation at 980 nm. We also confirmed that the UCNPs, which were not functionalized with m-THPC-MBA did not cause cell death (Fig. 3A) . HeLa carcinoma cells were incubated for 4 hours with the nanoconstruct (m-THPC-MBA-LiYF 4 :Tm 3+ /Yb 3+ -UCNPs) at concentrations of 0.004 to 0.1 mg mL À1 in PBS. Cell viability was assayed using the MTT assay, a method based on the activity of mitochondrial dehydrogenase. 29 The nanoconstruct demonstrated no intrinsic toxicity towards the cells when not irradiated, as the cellular survival rate was identical to that of the control (Fig. 3A) . To assess the efficacy of the photodynamic effect, HeLa cells were incubated for 4 hours with the nanoconstruct at the same concentration as stated above, which represents a concentration of 0.10 to 2.50 mM of m-THPC-MBA and irradiated for 1 hour using NIR radiation (980 nm). Cell death was observed from a minimum of 20% to a maximum of 70% in the concentration range 0.50-2.50 mM m-THPC-MBA (Fig. 3A) . Such a significant cell death demonstrates the possible applicability of the nanoconstructs in photodynamic therapy using NIR irradiation.
In conclusion, we have successfully prepared the nanoconstruct shown in Fig. 3B Notes and references -UCNP via electrostatic interaction.
